. On the other hand, diverse intracellular motilities of plant cells are preferentially actomyosin-dependent (e.g. Quader et al. 1987 , Lichtscheidl et al. 1990 , Liebe and Menzel 1995 , Satiat-Jeunemaitre et al. 1996 . In polarly growing pollen tubes, for instance, antibodies raised against mammalian and protozoan myosins I, II, and V label distinct vesicle populations and recognize polypeptides with expected molecular weights on Western blots (Miller et al. 1995) .
Using a well-established model system of growing maize root apices (BaluSka et al. 1992 , 1999 , Mews et al. 1996 , Samaj et al. 1998 , we are testing the oxime derivative 2,3-butanedione 2-monoxime (BDM). This compound is a powerful negative ionotropic agent which acts as an uncompetitive inhibitor of myosin ATPases of all known myosins (Herrmann et al. 1992 , Higuchi and Takemori 1992 , Cramer and Mitchison 1995 , Ebus and Stienen 1996 , Ruchhoeft and Harris 1997 via effective stabilization of myosin.ADP.P(i) complexes (McKillop et al. 1994 , Zhao et al. 1995 . In spite of some doubts, BDM at concentrations up to 5 mM is now widely accepted as a myosin inhibitor of choice (e.g. McKillop et al. 1994 , Cramer and Mitchison 1995 , Zhao et al. 1995 , Lin et al. 1996 , Watermann-Storer and Salmon 1997 , Ruchhoeft and Harris 1997 , Torgerson and McNiven 1998 , Gloushankova et al. 1998 . Nevertheless, there are few reports of other effects of BDM not directly related to the activity of myosin ATPases. Importantly, these were obtained at BDM concentrations higher than those specifically affecting myosin ATPase activities (<5 mM) (Blanchard et al. 1990 , Maylie and Hui 1991 , Steele and Smith 1993 , Ferreira et al. 1997 .
Numerous recent data confirm structural interactions between MTs and AFs for diverse organisms and wide range of animal cell types (e.g. Rogers and Gelfand 1998 , Goode et al. 1999 , Sider et al. 1999 , reviewed by Gavin 1997 . Most of these interactions are mediated via structural proteins associated either with MTs (e.g. Togel et al. 1998) or AFs (e.g. Goode et al. 1999) . However, an alternative possibility is that motor molecules can also be viewed as cytoskeletal integrators linking together MTs and AFs. For instance, myosin defects in yeast have been shown to be suppressed by kinesin (Lillie and Brown 1992) . In support of this attractive possibility, individual organelles and vesicles are well known to possess multiple motor types (Lantz and Miller 1998 , Rogers and Gelfand 1998 , reviewed by Allan and Schoer 1999 . Herein we show that BDM-mediated inhibition of myosin motors changes endocellular distribution patterns not only of myosins and AFs but also of MTs. This suggests that AF-MT interactions of plant cells (e.g. Kobayashi et al. 1988 , Collings et al. 1998 , Hasezawa et al. 1998 , Takesue and Shibaoka 1998 might be mediated via motor activities of plant myosins (for a review see Reichelt and Kendrick-Jones 2000) . Moreover, the morphology of cortical ER elements associated with plasmodesmata was also altered. All of these effects were especially prominent in cells of the transition zone, where BDM induced profound accumulation of cells with decreased lenghts, widths, and volumes. Our study identifies cells of the transition zone as a specific target root region for BDM action indicating that myosin-based contractile activities are crucial for these developmentally unique cells progressing toward rapid cell elongation.
Materials and Methods
Plant material and inhibitor treatments-Maize grains (Zea mays L., cv. Alarik) obtained from Force Limagrain (Darmstadt, Germany) were soaked for 6 h and germinated in well moistened rolls of filter paper for 4 d in darkness at 20°C. Young seedlings with straight primary roots, 50-70 mm long, were selected for inhibitor treatments and subsequent electron microscopy and immunolabelling studies. If not stated otherwise, all chemicals are obtained from Sigma Chemicals (St. Louis, MA, U.S.A.). For pharmacological experiments, we used 2,3-butanedione 2-monoxime (BDM) diluted in distilled water to 10~3 or 10~4 M immediately before use. Cytochalasin D (CD) was diluted to a final concentration of 2.5 fig ml" 1 from its stock solution. Roots were incubated both with BDM and CD for 6 h in darkness at 20°C.
Immunoblotting of protein extracts from maize roots-Roots of three day-old Zea mays seedlings grown on wet filter paper were collected into buffer containing 50 mM Tris/HCl pH 7.4, 300 mM sucrose, 5 mM KC1, NaCl, and EDTA, 2 mM ascorbic acid, 10 mM freshly added DTT, and a cocktail of protease inhibitors 1 pepstatin A, leupeptin, aprotinin, benzamidin and 1 ' phenanthrolin) and mechanically homogenized using a mortar. After filtration through one layer of Miracloth, this maize homogenate was centrifuged at 6,000 x g for 15 min at 4°C to remove cell debris and large organelles. The pellet was discarded, and the supernatant was then further centrifuged at 100,000 xg for 60 min at 4°C. The resulting supernatant, containing soluble proteins, and the pellet, containing membrane vesicles, were subjected to discontinuous SDS-PAGE using 8% slab gels at 50 ^g of protein per lane. Gels were wet-blotted onto nitrocellulose, and the membrane then used for immunoblotting. This was accomplished with rabbit polyclonal myosin VIII antibodies (Reichelt et al. 1999 ) and rabbit polyclonal myosin II antibodies (purchased from Sigma M7648), dilution 1 : 500 in TBS. The blocking of unspecific binding sites and the washing were done with 2% non-fat milk-powder in TBS. For protein visualization, alkaline phophatase-coupled secondary antibodies (Promega, WI, U.S.A.) were employed and visualized with Sigma's Fast-Red system.
Indirect immunofluorescence microscopy-Fixation consisted of excising apical root segments (7 mm) encompassing the major growth zones into 3.7% formaldehyde made up in stabilizing buffer (SB; 50 mM PIPES, 5 mM MgSO 4 and 5 mM EGTA, pH 6.9) for 1 h at room temperature. Following a rinse in SB, the root apices were dehydrated in a graded ethanol series diluted with phosphate buffered saline (PBS). Then they were embedded in the low melting-point (35°C) Steedman's wax (for details see BaluSka et al. 1992) . Longitudinal sections (7//m thick) were prepared, and the most median sections were allowed to expand on a drop of distilled water on slides coated with Mayer's albumen. To enable efficient penetration of antibodies, sections were dewaxed in absolute ethanol, passed through a graded ethanol series diluted with PBS, and then kept in SB for 30 min. After a 10 min rinse with absolute methanol at -20°C, the sections were transferred to SB containing 1% BSA for 30 min at room temperature. They were then incubated with the following primary antibodies: the polyclonal antibody raised against unconventional plant myosin VIII (Reichelt 1996 , Reichelt et al. 1999 ) diluted 1 : 100, the polyclonal myosin (skeletal and smooth) antibody (raised against the whole myosin from bovine uterus (Sigma, M7648) diluted 1 : 10, the monoclonal anti-actin antibody (clone C4 from ICN, Costa Mesa, U.S.A.) diluted 1 : 200, and the monoclonal antichick brain a-tubulin antibody (Amersham International, Buckinghamshire, U.K.) diluted 1 : 200. All primary antibodies were diluted in PBS supplemented with 1% BSA, and sections were incubated with them for 1 h at room temperature. After a rinse in SB, the sections were incubated either with FITC-conjugated anti-mouse IgGs or with anti-rabbit IgGs (Sigma), both raised in goat and diluted 1 : 100 in PBS containing 1% BSA for 1 h at room temperature. A further rinse in PBS (10 min) preceded a 10 min treatment with 0.01% toluidine blue (diluted in PBS), which diminished the natural autofluorescence of these root tissues. The labelled sections were mounted using an anti-fade mountant containing /?-phenylenediamine (BaluSka et al. 1992) . Fluorescence was examined with an Axiovert 405M inverted microscope (Zeiss, Oberkochen, Germany) equipped with epifluorescence and standard FITC exciter and barrier niters (BP 450-490, LP 520). Photographs were taken on Kodak T-Max films rated at 400 ASA.
Conventional electron microscopy-Control roots and roots incubated in BDM and CD were washed in distilled water. Excised small segments were fixed in 5% glutaraldehyde and postfixed in 1% OsO 4 diluted in 100 mM PBS. After extensive washing with PBS, they were dehydrated in a graded acetone series and embedded in Spurr embedding medium according to conventional procedures. Ultrathin sections were prepared using Reichert ultramicrotome OM U3 (Reichert, Vienna, Austria), collected on formvar coated Cu grids, and examined with Zeiss EM 10 A at 60 kV.
Morphometric measurements-Morphometric analysis of cell sizes was performed as described by BaluSka et al. (1990) .
Results

Effects of BDM on maize myosin distributions-
Western blot analysis identified proteins with molecular weights at values expected for plant myosins. In the microsomal fraction, protein with the molecular weights of approximately 210 kDa was reactive towards the antibody raised against myosin II ( Fig. 1; lanes 1,2) , and protein at about 130 kDa was reactive towards the antibody raised against the unconventional myosin VIII ( Fig. 1 ; lanes 3,4). The same bands were also found in the soluble fraction (data not shown).
Immunofluorescence study revealed that BDM treatment disrupted normal subcellular distributions of maize myosins. In control roots, myosin-like proteins reactive with the myosin II antibody showed distinct spot-like distributions within the cytoplasm; these were enriched at amyloplast peripheries ( Fig. 2A, C) . After BDM treatment, the spot-like labelling was replaced by diffuse labelling distributed throughout the cytoplasm of all root cells (Fig. 2B, D) . Cortical and stellar cells expressed prominent labelling at amyloplast surfaces, and this feature was much less obvious in BDM treated cells characterized by diffuse labelling of their cytoplasm ( Fig. 2A, B) . This change in the labelling pattern was even more evident on transversal section through cortex cells (Fig.2C, D) . In dividing cells, a similar diffusion effect was found for myosin-like proteins reactive to the myosin II antibody (Fig. 2E) .
The most obvious effect of BDM on subcellular distributions of unconventional myosin VIII was its increased accumulation at/around plasmodesmata and pit fields in cortical cells of the transition zone (Fig. 2G, H ). In contrast, myosin VIII disappeared from pit fields and plasmodesmata of stellar cells and accumulated diffusely in phloem (Fig. 21, J) .
Effects of BDM on AFs-Characteristic distribution patterns of F-actin (Fig. 3A, D) were altered in BDM treated roots. Cortical cells treated with 10~4 M (Fig. 3B) or 10 3 M (Fig. 3C ) of BDM showed a more conspicuous F-actin cytoskeleton with thicker actin bundles which were enriched on transversal cell walls compared to cells of control roots (compare Fig. 3A , B, C). In pericycle and stellar cells, fine filaments and bundles of F-actin coalesced into less structured assemblies, but F-actin became depleted from transversal cell walls (Fig. 3E, F ) using both concentrations of BDM.
Effects of BDM on MTs-BDM altered MT arrangements in cortical root cells (for control cells see Fig. 4A , B). In cycling meristematic cells, an unusual accumulation of cells with prominent pre-prophase bands (PPBs) was observed (Fig.4C, D) . Cortical MTs accumulated along longitudinal (periclinal) cell walls. When cross-sectioned, these MT arrays looked like fluorescence spots which resemble pit-fields (Fig. 4D ). This effect was even more prominent in cortical cells of transition zone (Fig. 4E ) and in the most distal part of the elongation region (Fig. 4F) . When cortical cells of the transition zone were cut paradermally, showing complete cortical MT arrays, clustering of cortical MTs was obvious (Fig. 4E, F) . Electron microscopy study revealed that tubulin-positive fluorescent spots corresponded to accumulations of cortical MTs around secondary plasmodesmata and young pit-fields (Fig. 5) . This feature was especially prominent in longitudinal cell walls of cortical cells within the transition zone and the most distal part of the elongation region (Fig. 4E, F) .
Effects of BDM on cortical ER networks-Most cells of maize roots are equipped with well developed cortical ER system communicating with neighbouring cells via plasmodesmata. A representative example of an inner cortical cell is shown on Figure 6A . These networks were severely altered by treatments with actomyosin drugs such as BDM and CD. For example, BDM caused bulging, dilatation and vesiculation of cortical ER membranes (Fig. 5, 6B, C) . This effect can also be seen very close to or directly within the neck region of plasmodesmata traversing longitudinal (Fig. 5 ) and transversal cell walls (Fig. 6B, C) . Moreover, remaining tubular ER membranes were reoriented with respect to the position of transversal cell walls (Fig. 6B) . Even more pronounced dilatation of cortical ER membranes was obvious after CD treatments (Fig. 6D) .
Morphometric analysis-Both BDM and CD proved to be very effective in affecting postmitotic cell growth in maize root apices. Morphometric analysis of cell lengths and widths revealed that cell growth was inhibited by BDM specifically in the transition zone and in the apical part of the elongation region with dramatic effects on cell volumes ( Fig. 7A, B) . On the other hand, CD was effective only on cells of the apical part of elongation region (Fig. 7A, B ). Both these inhibitors were ineffective in the basal part of elongation region (Fig. 7C ). BDM inhibited cell lengthening and cell widening, but CD only inhibited lenghtening of root cortex cells, leaving cellular widths almost unaffected. Reversibility-All BDM-induced effects described in this study were fully reversible after transference of the seedlings to the BDM-free environment of filter-paper rolls (data not shown).
Discussion
In cells of maize root apices, distributions of several plant cytoskeletal elements proved to be highly sensitive to BDM. Both myosin types under investigation, the putative myosin II homologue of maize (BaluSka et al. 2000a ) and the plant unconventional myosin VIII (Knight and Kendrick-Jones 1993 , Reichelt 1996 , Reichelt et al. 1999 , failed to preserve their characteristic intracellular locations. During BDM exposure, myosin-like protein reactive to the myosin II antibody abandoned the amyloplast peripheries and became homogeneously distributed throughout the cytoplasm of all root apex cells. Interestingly, BDM inhibits plastid movements in fern cells (Sato et al. 1999) . Moreover, unconventional plant myosin VIII showed tissue-specific relocations in roots treated with BDM. Myosin VIII is typically associated with plasmodesmata at crosswalls and pit-fields at side-walls in maize root apices (Reichelt et al. 1999 , BaluSka et al. 2000b ). In BDM-treated cells of the middle cortex, myosin VIII localized in increased amounts at plasmodesmata and pit fields. On the other hand, BDM-treated cells of the inner cortex and outer stele failed to preserve high amounts of myosin VIII at their plasmodesmata-based cell-to-cell contact areas and exhibited rather diffuse distributions within the cytoplasm. BDM-induced redistributions of plant myosin VIII at plasmodesmata might be related to the finding that BDM induces changes in plasmodesmal architecture at their neck regions (Radford and White 1998) .
The primary action of BDM is uncompetitive inhibition of myosin ATPases of all known myosins in animal cells (Higuchi and Takemori 1992 , Cramer and Mitchison 1995 , Lin et al. 1996 , Maciver 1996 , Torgerson and McNiven 1998 . Recently, BDM was reported to inhibit both tip growth and cytokinesis in the fission yeast, Schizosac- charomyces pom be (May et al. 1998, Steinberg and McIntosh 1998) . Moreover, BDM altered organization of the actin cytoskeleton in fission yeast cells when actin patches lost their polar distribution and developed a scattered distribution (Steinberg and Mclntosh 1998) . In a good accordance with these data from animal and yeast cells, BDM has recently been shown to inhibit actin-based motility of diatoms in a classic inhibitory/recovery response (Poulson et al. 1999) ; there are also several reports on plant cells. For instance, BDM increases the tension of AFs (Grabski et al. 1998 ) and reversibly inhibits cytoplasmic streaming (Radford and White 1998, Sato et al. 1999) . BDM was also shown to inhibit directed movements of Golgi stacks (Nebenfiihr et al. 1999 ) and movements of chloroplasts during their mechanically-induced avoidance response (Sato et al. 1999 ). Our present data from maize roots indicate that BDM affects intracellular distributions of plant unconventional myosin VIII (Reichelt 1996 , Reichelt et al. 1999 ) and of the putative myosin II homologue of maize (BaluSka et al. 2000a ). All these data clearly support the concept that BDM is a general inhibitor of all myosin ATPases (Cramer and Mitchison 1995) . Nevertheless, further studies are required, because McCurdy (1999) failed to demonstrate inhibition of myosin-based activities in BDM- exposed plant cells. AFs typically coalesced after BDM treatments, especially at cross-walls of cortical cells located within the transition root growth region . In contrast, cross-walls in the outer stele, which are typically equipped with large amounts of myosin VIII (Reichelt et al. 1999 , BaluSka et al. 2000b , show depletion of actin. Because BDM stabilizes actin.myosin.ADP.P; complexes (McKillop et al. 1994 , Zhao et al. 1995 , it can be proposed that this locking of actomyosin complexes limits re-distributions of AFs at subcellular domains where myosin participates in the F-actin organization. All these data suggest that unconventional plant myosin VIII may actively participate in the intracellular distribution of AFs in maize root cells by being a part of the putative AF organizing centers (Geiger et al. 1984 , BaluSka et al. 2000b . A similar role was proposed for myosin XV, which determines Factin organization in auditory hair cells of mice cochlea (Probst et al. 1998) . Further studies are required for confirmation of this attractive hypothesis.
In maize roots, BDM-mediated effects on distributions of components of the actin-based cytoskeleton were accompanied by distinct effects of BDM on the microtubular (MT) cytoskeleton. In particular, endoplasmic MTs were effectively depleted in all cells of the transition zone, whereas cortical MTs became more abundant in the same cells and accumulated preferentially around pit fields. These data indicate that AFs and MTs interact physically via myosin-dependent activities. In fact, numerous reports have accumulated in the animal literature during the last decades discussing the direct interactions of tubulin-and actin-based cytoskeletons (e.g. Schliwa and van Blerkom 1981) . These are mediated not only via associated structural proteins (Ferhat et al. 1996 , Cunningham et al. 1997 , Togel et al. 1998 ) but also via motor proteins (Lantz and Miller 1998 , Rogers and Gelfand 1998 , Allan and Schroer 1999 .
Intriguingly, myosin motor activity has been reported to be activated by MT disruption-mediated phosphorylation of the myosin regulatory light chain (Kolodney and Elson 1995) . Moreover, myosin Va binds to MTs in mice melanocytes and fibroblasts (Wu et al. 1998) , myosin VI is a part of a protein complex together with MT-binding protein CLIP-190 (Lantz and Miller 1998) , and myosin Vila is enriched within MT dominated cilia of mouse renal epithelium (Wolfrum et al. 1998) . Studies of BDM action in animal cells revealed that rearward transport of MTs in lamellipodia of epithelial cells is actomyosin-dependent (Watermann-Storer and Salmon 1997). In activated sea urchin coelomocytes, BDM inhibited not only all types of actin-based motilities but also compromised some MT-dependent movements . On the other hand, MTs were reported to determine F-actin organization in dividing rat kidney cells (Fishkind et al. 1996) and to suppress actomyosin-based cortical flow in Xenopus oocytes (Canman and Bement 1997) . Cooperative interactions between F-actin and MTs are crucial for meiotic cytokinesis in Drosophila (Giansanti et al. 1998) .
Similarly, numerous studies report interactions between AFs and MTs in plant cells. First of all, co-localizations of AFs and MTs are a typical feature of plant cells (e.g. Pierson et al. 1989, Lancelle and Hepler 1991) . Moreover, F-actin has been shown to instruct organization of cortical MT arrays during differentiation of tracheary elements in cultured cells of Zinnia (Kobayashi et al. 1988) , and stabilization of MTs with taxol increased the stability of AFs (Chu et al. 1993) . Extensive interactions between AFs and MTs are typical of both premitotic and postmitotic plant-specific cytoskeletal arrays like PPB and phragmoplasts (Palevitz 1987a , b, 1988 , McCurdy and Gunning 1990 . AFs have direct impacts on re-arrangements of MTs during the transition from mitosis into early interphase in dividing tobacco BY-2 cells (Hasezawa et al. 1998 ) and also on cortical MTs under polylamellate outer tangetial walls of epidermis in azuki bean epicotyls (Takesue and Shibaoka 1998) . On the other hand, MTs have been reported to regulate organization of AFs at the cortex of Hydrocharis root hairs (Tominaga et al. 1997) , in Nicotiana tabacum suspension cells (Coilings et al. 1998 ). Furthermore, depolymerization of MTs potentiates F-actin towards its disintegration via cytochalasins in the alga Nitella (Coilings et al. 1996) . Together with our present data on BDM-mediated impacts on the MT cytoskeleton, all these data suggest that actin-and tubulin-based cytoskeletal arrays also interact extensively in plant cells and that myosin motor C-The basal part of elongation region (6-9 mm from the root cap junction). 1-control, 2-treatment with 10 3 M BDM for 6 h, 3-treatment with 10~4 M BDM for 6 h, 4-treatment with CD (2.5 /ug ml" 1 ) for 6 h.
activities could act as putative integrators of the plant cytoskeleton. Our present study reveals that BDM-induced depletion of endoplasmic MTs accompanied the increased abundance of cortical MTs. Surprisingly, cortical MTs accumulate even around plasmodesmata, which are usually MT depleted. In addition, the frequency of cortical PPBs is much higher in BDM-treated roots; this corresponds well to the generally high abundance of cortical MTs. Presently, the lack of other relevant data prevents us from correctly interpreting these complex changes within a broader context of plant cell biology. Nevertheless, it is obvious that endomembranes participate in this complex phenomenon as both BDM and CD altered morphology of cortical ER elements associated with plasmodesmata preferentially at cross-walls of inner cortex cells within the transition zone.
The transition zone of the root apex represents an unique developmental zone where actomyosin-based forces obviously contribute to the cell polarization and underlie a postmitotic developmental switch into rapid vacuomedriven cell elongation . In addition to BDM, both CD ) and latrunculin B BaluSka 1999, BaluSka et al. 2000b) impair the ability of the transition zone cells to embark on the rapid cell elongation ). The present study shows that BDM inhibits cell growth in both the transition zone and the apical part, but not in the basal part, of the elongation region. The fact that BDM exerts an action on the early elongating root cells similar to that of F-actin drugs indicates that the onset of rapid cell elongation requires actomyosin forces rather than simple actin polymerization, as it was suggested by Thimann et al. (1992) for coleoptiles. Relevant in this respect is the accumulation of myosin VIII at cross-walls of root apices (Reichelt et al. 1999 , BaluSka et al. 2000b , which are also enriched with actin and organize AF bundles (BaluSka et al. , 2000b ).This feature is especially prominent in the transition zone . Obviously, actomyosin-based contractility is critical for the progression of cells through the transition zone and for the onset of the rapid cell elongation. 
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